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Clinical PerspectiveWhat Is New?In this study, we observed significant associations between subclinical changes in cardiac structure and suboptimal retinal arteriolar geometry among elderly subjects without prior history of cardiovascular disease.What Are the Clinical Implications?These findings indicated that retinal vascular geometry was associated with early‐stage cardiac remodeling, and perhaps a useful noninvasive tool to help in further identifying patients with cardiac structural changes in addition to conventional tools (ie, magnetic resonance imaging and echography) that are reflective of cardiovascular disease risk.

 {#jah34935-sec-0008}

Nonstandard Abbreviations and Acronyms**BMI** body mass index**CVD** cardiovascular disease**HF** heart failure**IVSD** interventricular septum thickness at end diastole**IVSS** interventricular septum thickness at end systole**LA** left atrial**LAVI** left atrial volume index**LV** left ventricular**LVEF** left ventricular ejection fraction**LVIDDI** left ventricular internal diameter at end diastole index**LVIDSI** left ventricular internal diameter at end systole index**LVMI** left ventricular mass index**LVOTI** left ventricular outflow tract index**MAP** mean arteriolar pressure

Introduction {#jah34935-sec-0009}
============

The retina offers a unique yet noninvasive "window" to visualize retinal small vessels, and such microvascular morphology has been shown to reflect changes in general microcirculation in vivo.[1](#jah34935-bib-0001){ref-type="ref"} Retinal arteriolar narrowing and venular widening has been widely suggested to be associated with cardiovascular risk factors (ie, high blood pressure, diabetes mellitus, and coronary artery disease),[2](#jah34935-bib-0002){ref-type="ref"}, [3](#jah34935-bib-0003){ref-type="ref"}, [4](#jah34935-bib-0004){ref-type="ref"} subclinical alterations in cardiac structure,[5](#jah34935-bib-0005){ref-type="ref"}, [6](#jah34935-bib-0006){ref-type="ref"}, [7](#jah34935-bib-0007){ref-type="ref"} and heart failure (HF).[7](#jah34935-bib-0007){ref-type="ref"}, [8](#jah34935-bib-0008){ref-type="ref"} For example, large‐scale population‐based, cross‐sectional studies showed that changes in cardiac structure (ie, increased left ventricular \[LV\] mass, LV diameter, LV post wall thickness, and LV septum thickness and decreased right ventricular mass and volume) were associated with retinal arteriolar narrowing and/or retinal venular widening among patients who had no history of physician‐diagnosed cardiovascular disease (CVD).[5](#jah34935-bib-0005){ref-type="ref"}, [6](#jah34935-bib-0006){ref-type="ref"} Therefore, existing evidence leans toward the possibility that adverse microvascular alteration may underlie different stages of cardiac remodeling before developing symptomatic HF.[9](#jah34935-bib-0009){ref-type="ref"} However, such findings are also largely confined to retinal vascular calibers, which only explain or reflect partial changes in the microcirculation.

In the past decade, emerging grading techniques have been developed to perform quantitative assessments on retinal vascular geometric measures that capture novel information on retinal vessels, such as branching angle, fractal dimension, and curvature tortuosity.[10](#jah34935-bib-0010){ref-type="ref"}, [11](#jah34935-bib-0011){ref-type="ref"}, [12](#jah34935-bib-0012){ref-type="ref"}, [13](#jah34935-bib-0013){ref-type="ref"} A body of research evidence has reported that retinal vascular geometric indices were associated with inflammation, endothelial dysfunction, and even microvascular and macrovascular disease.[14](#jah34935-bib-0014){ref-type="ref"}, [15](#jah34935-bib-0015){ref-type="ref"} Thus, such geometric measures may serve as a proxy of microvascular morphology besides retinal vascular caliber, and therefore, it is worth exploring the changes in retinal vascular geometry in addition to caliber in relation to cardiac structural alteration, which might better explain the pathophysiological development of cardiac remodeling before the onset of CVD.

In this study of 50 community participants without prior CVD, we aimed to investigate the cross‐sectional relationships between cardiac structure and retinal vascular geometry. We hypothesized that suboptimal cardiovascular structure (ie, increased LV mass index \[LVMI\], larger left atrial \[LA\] size) would be associated with alterations in retinal vascular geometry (ie, higher retinal vascular curvature tortuosity, lower retinal vascular fractal dimension, and larger retinal vascular branching angle).

Methods {#jah34935-sec-0010}
=======

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Study Design and Study Participants {#jah34935-sec-0011}
-----------------------------------

We recruited the participants from the Cardiac Aging Study, a prospective, hospital‐based cohort conducted in Singapore between 2014 and 2016, which examined various characteristics and determinants of cardiovascular function in elderly adults.[16](#jah34935-bib-0016){ref-type="ref"}, [17](#jah34935-bib-0017){ref-type="ref"} We published the inclusion and exclusion criteria for Cardiac Aging Study in previous studies.[16](#jah34935-bib-0016){ref-type="ref"}, [17](#jah34935-bib-0017){ref-type="ref"} We further included Cardiac Aging Study participants who met the following criteria into this pilot study: (1) agreed to an additional retinal examination; and (2) had no self‐reported history of clinically diagnosed cardio‐ or cerebrovascular disease (ie, coronary heart disease and stroke) and cancer. A total of 50 patients met the eligibility requirement. The study complied with the Declaration of Helsinki. All participants agreed and signed the written informed consent upon enrollment. The SingHealth Centralised Institutional Review Board (2014/628/C) approved the study protocol.

Transthoracic Echocardiography Imaging---Assessments of Cardiac Structure {#jah34935-sec-0012}
-------------------------------------------------------------------------

The echocardiographer performed echocardiography (ALOKA α10 with a 3.5 MHz probe, Hitachi Medical, Wallington, CT), using standard protocol that included 2‐dimensional, M‐mode, pulse Doppler and tissue Doppler imaging, in the standard parasternal and apical (apical 4‐chamber, apical 2‐chamber, and apical long) views, along with 3 recorded cardiac cycles. Using such Doppler images, the echocardiographer subsequently measured interventricular septum thickness at end diastole (IVSD), interventricular septum thickness at end systole (IVSS), LV internal diameter at end diastole, LV internal diameter at end systole, LV posterior wall at end diastole, LV posterior wall at end systole, LV outflow tract, LA volume and LV ejection fraction (LVEF), according to the recommendations of the American Society of Echocardiography.[18](#jah34935-bib-0018){ref-type="ref"} For all subjects, the same echocardiographer assessed measurements across three cardiac cycles and averaged the readings by adjusting them with the interbeat interval. The echocardiographer recorded the height and weight of the subject at the time of the study and calculated body surface area. The echocardiographer further calculated LV mass according to a necropsy‐validated formula of LV mass (g)=0.8×(1.04×((septal thickness+LV internal diameter+posterior wall thickness)^3^−(LV internal diameter)^3^))+0.6,[19](#jah34935-bib-0019){ref-type="ref"} and calculated LA volumes at end‐systole from the apical 4‐chamber view using the area‐length method.[20](#jah34935-bib-0020){ref-type="ref"} Finally, the echocardiographer calculated IVSD index, IVSS index, LV internal diameter at end diastole index (LVIDDI), LV internal diameter at end systole index (LVIDSI), LV posterior wall at end diastole index, LV posterior wall at end systole index, LV outflow tract index (LVOTI), LVMI and LA volume index (LAVI) as IVSD, IVSS, LV internal diameter at end diastole, LV internal diameter at end systole, LV posterior wall at end diastole, LV posterior wall at end systole, LV outflow tract, LV mass, and LA volume divided by body surface area, accordingly.

Retinal Photography Assessments---Retinal Vascular Geometry {#jah34935-sec-0013}
-----------------------------------------------------------

A trained photographer took the optic disc--centered and macular‐centered retinal photographs of both eyes with pharmacological pupil dilation using a 45° nonmydriatic retinal camera (Canon CR‐1, 40D SLR digital retinal camera backing, Canon Inc, Tokyo, Japan).[21](#jah34935-bib-0021){ref-type="ref"} A trained grader blinded to the patients' data graded both eyes' retinal images and assessed retinal vascular geometric indices quantitatively based on all vessels beyond 25 μm crossing through 0.5 to 2.0 disc diameters (zone C) from the optic disc margin, via a semiautomated computer‐based program (Singapore I Vessel Assessment version 3.0, Singapore Eye Research Institute, Singapore), according to a standard protocol described elsewhere.[10](#jah34935-bib-0010){ref-type="ref"} The [Figure](#jah34935-fig-0001){ref-type="fig"} shows the Singapore I Vessel Assessment grading platform for all retinal vascular parameters. The same grader reanalyzed the vessels in 10% of the total retinal images, and intragrader correlation coefficient is consistently \>80% across all retinal vascular geometric indices. All novel retinal vascular geometric indices included the following: *Retinal vascular branching angle* was defined as the first angle subtended between 2 daughter vessels at each bifurcation.[11](#jah34935-bib-0011){ref-type="ref"} We summarized the estimates as retinal arteriolar and venular branching angle, respectively.*Retinal vascular curvature tortuosity* was defined as the integral of the curvature square along the path of the vessel, normalized by the total path length.[12](#jah34935-bib-0012){ref-type="ref"} We summarized the estimates as retinal arteriolar curvature tortuosity and retinal venular curvature tortuosity, representing the average tortuosity of arterioles and venules of the eye, respectively.*Retinal vascular fractal dimension* was calculated from the outlined retinal vessels using the "box‐counting method," which divided each photograph into a series of squares of various side lengths, and fractal dimension was defined as the gradient of logarithms of the number of boxes and the size of those boxes.[13](#jah34935-bib-0013){ref-type="ref"} Retinal vascular fractal dimension quantified the complexity of the branching pattern of the retinal vascular tree, and it was represented by a ratio. We summarized the estimates as retinal arteriolar and venular fractal dimension, respectively.

![**Singapore I Vessel Assessment grading platform for all retinal vascular parameters.**\
The far left retinal fundus photograph is generated from a computer‐assisted program which is to assess retinal vascular parameters. All retinal arterioles and venules larger than 25 μm are marked and assessed within zone C that is within 0.5 to 2.0 optic disc diameter away from the margin of optic disc (highlighted in yellow). Retinal vascular caliber (**A**), retinal vascular tortuosity (**B**), retinal vascular branching angle (**C**), and retinal vascular fractal dimension (**D**) are shown, accordingly.](JAH3-9-e014654-g001){#jah34935-fig-0001}

Covariates {#jah34935-sec-0014}
----------

We defined self‐reported hypertension by current use of antihypertensive drugs or physician‐diagnosed hypertension, diabetes mellitus by current use of antidiabetic agents or physician‐diagnosed diabetes mellitus, and dyslipidemia by current use of lipid‐lowering agents or physician‐diagnosed dyslipidemia. We defined smoking history as never or current smoker or past smoker. Furthermore, trained personnel obtained systolic blood pressure and diastolic blood pressure, height, and weight from medical records during the same visit, and calculated mean arteriolar pressure (MAP) as the sum of one‐third of systolic blood pressure and two‐thirds of diastolic blood pressure, and also body mass index (BMI) as weight in kilograms divided by the square of height in meters.

Statistical Analysis {#jah34935-sec-0015}
--------------------

We used means and SD to describe age, BMI, MAP, cardiac structure and retinal vascular geometric indices, and counts and percentages to describe sex, smoking status, and history of co‐morbidity. We conducted multiple linear regression models to assess the associations between cardiac structure and function and retinal vascular geometry. According to prior publications,[22](#jah34935-bib-0022){ref-type="ref"}, [23](#jah34935-bib-0023){ref-type="ref"} we chose age, sex, BMI, MAP, and any history of comorbidity as potential confounders. We applied 4 models in the multiple linear regression: Model 1, unadjusted; Model 2, adjusted for age and sex; Model 3, Model 2 and additionally adjusting for MAP and BMI; Model 4, Model 3 and additionally adjusting for history of comorbidity. For all analyses, we defined a significant *P* value (2‐tailed) as 0.05. We performed all statistical analyses using SPSS (SPSS, version 23.0, IBM, Armonk, NY).

Results {#jah34935-sec-0016}
=======

The mean and SD in age of our participants (N=50) were 62.54±11.74 years. The majority of participants had reported history of hypertension (32%), dyslipidemia (40%), and diabetes mellitus (8%), and slightly more than half of them were male (54%) (Table [1](#jah34935-tbl-0001){ref-type="table"}). The mean and SD of major cardiac structural indices including LVIDDI, LVIDSI, LVMI, LAVI, and LVEF were 2.68±0.39 cm, 1.54±0.27 cm, 67.94±18.88 g/m^2^, 19.96±7.94 mL/m^2^, and 72.96±8.11%, respectively (Table [1](#jah34935-tbl-0001){ref-type="table"}). The mean and SD of retinal arteriolar fractal dimension, retinal venular fractal dimension, retinal arteriolar curvature tortuosity, retinal venular curvature tortuosity, retinal arteriolar branching angle, and retinal venular branching angle were 1.19±0.08 Df, 1.21±0.08 Df, 5.45±4.27 (×10^−5^ units), 7.79±3.01 (×10^−5^ units), 69.74±18.80°, and 76.62±13.61°, respectively (Table [1](#jah34935-tbl-0001){ref-type="table"}). Compared with the females (n=23), the males had more vascular risk factors (ie, more ever smokers, larger waist‐to‐hip ratio, and higher BMI) (Table [1](#jah34935-tbl-0001){ref-type="table"}). Additionally, the males had smaller IVSD index, IVSS index, LVIDDI, LV posterior wall at end diastole index, LV posterior wall at end systole index, and LVOTI than the females (Table [1](#jah34935-tbl-0001){ref-type="table"}).

###### 

Characteristics of Study Participants

  Characteristics               Total (N=50)     Sex              *P* Value        
  ----------------------------- ---------------- ---------------- ---------------- ---------
  Age, y                        62.54 (11.74)    62.78 (11.62)    62.26 (12.13)    0.88
  Ethnicity                                                                        
  Chinese                       50 (100          27 (100)         23 (100)         ···
  History of comorbidity                                                           
  Hypertension, yes             16 (32.00)       10 (37.00)       6 (26.10)        0.55
  Dyslipidemia, yes             20 (40.00)       12 (44.40)       8 (34.80)        0.57
  Diabetes mellitus, yes        4 (8.00)         2 (7.40)         2 (8.70)         1.00
  Combination of comorbidity                                      0.26             
  Without any condition         23 (46.00)       10 (37.0)        13 (56.5)        
  With at least 1 condition     27 (54.00)       17 (63.0)        10 (43.5)        
  Smoking status                                                                   0.01
  Never                         34 (68.00)       13 (48.20)       21 (91.40)       
  Current smoker                5 (10.00)        4 (14.80)        1 (4.30)         
  Past smoker                   11 (22.00)       10 (37.00)       1 (4.30)         
  BMI, kg/m^2^                  23.93 (3.58)     25.17 (3.61)     22.46 (2.98)     0.01
  Waist‐to‐hip ratio            0.87 (0.08)      0.90 (0.06)      0.82 (0.08)      \<0.001
  Blood pressure, mm Hg                                                            
  SBP                           123.14 (17.99)   123.22 (16.10)   123.04 (20.35)   0.97
  DBP                           74.60 (10.08)    76.78 (9.70)     74.04 (10.12)    0.10
  MAP                           94.80 (11.24)    96.19 (9.36)     93.17 (13.15)    0.35
  Cardiac structure indices                                                        
  IVSDI, cm                     0.46 (0.07)      0.43 (0.06)      0.50 (0.07)      0.001
  IVSSI, cm                     0.73 (0.15)      0.70 (0.15)      0.77 (0.15)      0.07
  LVIDDI, cm                    2.68 (0.39)      2.57 (0.35)      2.80 (0.41)      0.04
  LVIDSI, cm                    1.54 (0.27)      1.46 (0.24)      1.63 (0.28)      0.03
  LVPWDI, cm                    0.44 (0.07)      0.42 (0.07)      0.46 (0.06)      0.08
  LVPWSI, cm                    0.87 (0.13)      0.85 (0.11)      0.89 (0.14)      0.21
  LVOTI, cm                     1.26 (0.12)      1.19 (0.11)      1.33 (0.10)      \<0.001
  LVMI, g/m^2^                  67.94 (18.88)    69.96 (19.16)    65.57 (18.69)    0.42
  LAVI, mL/m^2^                 19.96 (7.94)     20.44 (7.20)     19.41 (8.88)     0.65
  AOI, cm                       1.80 (0.26)      1.82 (0.21)      1.77 (0.32)      0.55
  LAI, cm                       2.21 (0.38)      2.17 (0.39)      2.26 (0.36)      0.41
  Cardiac function index                                                           
  LVEF (%)                      72.96 (8.11)     73.75 (7.49)     72.03 (8.86)     0.46
  Retinal vascular parameters                                                      
  CRAE, μm                      133.85 (11.51)   132.64 (11.81)   135.26 (11.23)   0.43
  CRVE, μm                      199.14 (16.07)   199.15 (17.47)   196.96 (14.54)   0.64
  DF‐a, Df                      1.19 (0.08)      1.19 (0.09)      1.20 (0.08)      0.71
  DF‐v, Df                      1.21 (0.08)      1.21 (0.08)      1.21 (0.08)      0.88
  CT‐a (×10^−5^ units)          5.45 (4.27)      5.48 (5.15)      5.46 (3.07)      0.99
  CT‐v (×10^−5^ units)          7.79 (3.01)      7.57 (2.90)      8.05 (3.17)      0.58
  BA‐a,°                        69.74 (18.80)    70.22 (22.12)    69.19 (17.15)    0.86
  BA‐v,°                        76.62 (13.61)    73.75 (16.90)    80.00 (7.27)     0.11

Mean (SD) are presented for continuous variables and N (%) are presented for noncontinuous variables. AOI indicates aortic diameter index; BA‐a, branching angle‐arteriole; BA‐v, branching angle‐venule; BMI, body mass index; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; CT‐a, curvature tortuosity‐arteriole; CT‐v, curvature tortuosity‐venule; DBP, diastolic blood pressure; DF‐a, fractal dimension‐arteriole; DF‐v, fractal dimension‐venule; IVSDI, interventricular septum thickness at end diastole index; IVSSI, interventricular septum thickness at end systole index; LAI, left atrium index; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; LVIDDI, left ventricular internal diameter at end diastole index; LVIDSI, left ventricular internal diameter at end systole index; LVMI, left ventricular mass index; LVOTI, left ventricular outflow tract index; LVPWDI, left ventricular posterior wall at end diastole index; LVPWSI, left ventricular posterior wall at end systole index; MAP, mean arterial blood pressure; and SBP, systolic blood pressure.

After adjusting for age, sex, MAP, BMI, and combination of co‐morbidity, significant associations were observed between a series of cardiac structure indices and larger retinal arteriolar branching angle (β and 95% CI: for LVIDSI, 26.93°, 6.00--47.86; for LVIDDI, 17.86°, 1.61--34.11; for LVMI, 0.39°, 0.10--0.67; for LAVI, 0.91°, 0.24--1.58) and higher retinal arteriolar fractal dimension (for LAVI, 0.003 Df, 0.001--0.01) (Table [2](#jah34935-tbl-0002){ref-type="table"}). Each unit increase in LVOTI was associated with smaller retinal arteriolar branching angle (−80.89°, −148.91 to −12.67), increased retinal arteriolar curvature tortuosity (21.26×10^−5^ units, 6.06--36.47), and lower retinal arteriolar fractal dimension (−0.37 Df, −0.64 to −0.10) (Table [2](#jah34935-tbl-0002){ref-type="table"}). However, no associations were observed between other cardiac structure indices, LVEF, and retinal arteriolar geometric parameters. In addition, significant association of LAVI with lower retinal venular curvature tortuosity (−0.11, −0.22 to −0.004), IVSS index with smaller retinal venular branching angle (−34.28°, −64.41 to −4.16), IVSD index with increased retinal venular curvature tortuosity (17.94×10^−5^ units, 3.15--32.73), and LVOTI with lower retinal venular fractal dimension (−0.27 Df, −0.54 to −0.003) were observed (Table [S1](#jah34935-sup-0001){ref-type="supplementary-material"}). No associations were observed between other cardiac structure indices, LVEF, and retinal venular geometric parameters.

###### 

Associations Between Cardiac Structure Indices and Retinal Arteriolar Geometric Parameters

  Each Unit Increase in Echo Parameters   DF‐a (Df) β (95% CI)                                              CT‐a (×10^−5^ units) β (95% CI)                                BA‐a (°) β (95% CI)
  --------------------------------------- ----------------------------------------------------------------- -------------------------------------------------------------- -------------------------------------------------------------------
  IVSS index                                                                                                                                                               
  Model 1                                 −0.20 (−0.35 to −0.05)[a](#jah34935-note-0005){ref-type="fn"}     9.18 (1.34 to 17.02)[a](#jah34935-note-0005){ref-type="fn"}    −44.93 (−80.99 to −8.87)[a](#jah34935-note-0005){ref-type="fn"}
  Model 2                                 −0.10 (−0.27 to 0.06)                                             11.86 (2.35 to 21.36)[a](#jah34935-note-0005){ref-type="fn"}   −32.68 (−76.00 to 10.64)
  Model 3                                 −0.12 (−0.29 to 0.05)                                             11.46 (1.83 to 21.09)[a](#jah34935-note-0005){ref-type="fn"}   −28.08 (−72.40 to 16.24)
  Model 4                                 −0.12 (−0.29 to 0.05)                                             11.27 (1.90 to 20.64)[a](#jah34935-note-0005){ref-type="fn"}   −29.02 (−71.86 to 13.83)
  IVSD index                                                                                                                                                               
  Model 1                                 −0.34 (−0.65 to −0.04)[a](#jah34935-note-0005){ref-type="fn"}     11.41 (−4.96 to 27.78)                                         −54.60 (−130.33 to 21.12)
  Model 2                                 −0.20 (−0.57 to 0.18)                                             0.77 (−2.70 to 4.25)                                           −15.65 (−115.09 to 83.78)
  Model 3                                 −0.22 (−0.61 to 0.17)                                             14.40 (−8.28 to 37.08)                                         −3.90 (−105.66 to 97.86)
  Model 4                                 −0.23 (−0.62 to 0.16)                                             15.68 (−6.36 to 37.71)                                         1.85 (−96.99 to 100.68)
  LVIDDI                                                                                                                                                                   
  Model 1                                 −0.002 (−0.06 to 0.06)                                            0.84 (−2.33 to 4.00)                                           4.29 (−10.34 to 18.92)
  Model 2                                 0.02 (−0.04 to 0.08)                                              0.77 (−2.70 to 4.25)                                           9.97 (−4.99 to 24.93)
  Model 3                                 0.02 (−0.05 to 0.09)                                              −0.64 (−4.64 to 3.37)                                          19.03 (2.36 to 35.70)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 0.02 (−0.05 to 0.09)                                              −0.91 (−4.82 to 3.00)                                          17.86 (1.61 to 34.11)[a](#jah34935-note-0005){ref-type="fn"}
  LVIDSI                                                                                                                                                                   
  Model 1                                 0.08 (−0.01 to 0.16)                                              −1.70 (−6.29 to 2.89)                                          21.57 (1.14 to 42.08)[a](#jah34935-note-0005){ref-type="fn"}
  Model 2                                 0.06 (−0.02 to 0.14)                                              −1.75 (−6.72 to 3.23)                                          21.38 (0.43 to 42.33)[a](#jah34935-note-0005){ref-type="fn"}
  Model 3                                 0.06 (−0.03 to 0.15)                                              −3.09 (−8.25 to 2.08)                                          28.68 (7.26 to 50.10)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 0.06 (−0.03 to 0.15)                                              −3.53 (−8.55 to 1.49)                                          26.93 (6.00 to 47.86)[a](#jah34935-note-0005){ref-type="fn"}
  LVPWDI                                                                                                                                                                   
  Model 1                                 −0.31 (−0.65 to 0.03)                                             6.71 (−11.62 to 25.04)                                         −60.51 (−144.04 to 23.02)
  Model 2                                 −0.06 (−0.43 to 0.31)                                             6.57 (−15.66 to 28.80)                                         −17.18 (−114.79 to 80.43)
  Model 3                                 −0.08 (−0.47 to 0.31)                                             7.15 (−15.59 to 29.89)                                         −3.20 (−103.85 to 97.46)
  Model 4                                 −0.08 (−0.47 to 0.31)                                             7.88 (−14.28 to 30.03)                                         0.18 (−97.47 to 97.82)
  LVPWSI                                                                                                                                                                   
  Model 1                                 −0.28 (−0.45 to −0.10)[a](#jah34935-note-0005){ref-type="fn"}     6.18 (−3.57 to 15.93)                                          −17.61 (−63.23 to 28.01)
  Model 2                                 −0.17 (−0.36 to 0.02)                                             7.02 (−4.77 to 18.82)                                          13.39 (−38.92 to 65.69)
  Model 3                                 −0.18 (−0.38 to 0.02)                                             5.56 (−6.45 to 17.57)                                          19.13 (−34.00 to 72.26)
  Model 4                                 −0.18 (−0.38 to 0.02)                                             4.11 (−7.77 to 15.99)                                          12.14 (−40.08 to 64.36)
  LVOTI                                                                                                                                                                    
  Model 1                                 −0.21 (−0.39 to −0.03)[a](#jah34935-note-0005){ref-type="fn"}     10.06 (0.54 to 19.59)[a](#jah34935-note-0005){ref-type="fn"}   −66.00 (−107.98 to −24.01)[a](#jah34935-note-0005){ref-type="fn"}
  Model 2                                 −0.20 (−0.42 to 0.02)                                             16.92 (4.08 to 29.76)[a](#jah34935-note-0005){ref-type="fn"}   −79.98 (−135.50 to −24.45)[a](#jah34935-note-0005){ref-type="fn"}
  Model 3                                 −0.36 (−0.63 to −0.10)[a](#jah34935-note-0005){ref-type="fn"}     20.46 (4.68 to 36.23)[a](#jah34935-note-0005){ref-type="fn"}   −84.14 (−154.33 to −13.95)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 −0.37 (−0.64 to −0.10)[a](#jah34935-note-0005){ref-type="fn"}     21.26 (6.06 to 36.47)[a](#jah34935-note-0005){ref-type="fn"}   −80.79 (−148.91 to −12.67)[a](#jah34935-note-0005){ref-type="fn"}
  LVMI                                                                                                                                                                     
  Model 1                                 0.00 (−0.001 to 0.001)                                            −0.01 (−0.08 to 0.05)                                          0.24 (−0.05 to 0.54)
  Model 2                                 0.001 (0.00 to 0.002)                                             −0.02 (−0.09 to 0.05)                                          0.34 (0.05 to 0.63)[a](#jah34935-note-0005){ref-type="fn"}
  Model 3                                 0.001 (0.00 to 0.002)                                             −0.04 (−0.11 to 0.04)                                          0.40 (0.10 to 0.69)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 0.001 (0.00 to 0.002)                                             −0.04 (−0.11 to 0.03)                                          0.39 (0.10 to 0.67)[a](#jah34935-note-0005){ref-type="fn"}
  LAVI                                                                                                                                                                     
  Model 1                                 0.002 (−0.001 to 0.01)                                            −0.07 (−0.22 to 0.09)                                          0.57 (−0.13 to 1.28)
  Model 2                                 0.003 (0.001 to 0.01)[a](#jah34935-note-0005){ref-type="fn"}      −0.08 (−0.25 to 0.08)                                          0.87 (0.19 to 1.55)[a](#jah34935-note-0005){ref-type="fn"}
  Model 3                                 0.003 (0.001 to 0.01)[a](#jah34935-note-0005){ref-type="fn"}      −0.10 (−0.27 to 0.07)                                          0.99 (0.32 to 1.67)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 0.003 (0.001 to 0.01)[a](#jah34935-note-0005){ref-type="fn"}      −0.12 (−0.28 to 0.04)                                          0.91 (0.24 to 1.58)[a](#jah34935-note-0005){ref-type="fn"}
  AOI                                                                                                                                                                      
  Model 1                                 −0.10 (−0.19 to −0.01)[a](#jah34935-note-0005){ref-type="fn"}     3.52 (−1.09 to 8.13)                                           −15.79 (−37.18 to 5.60)
  Model 2                                 −0.03 (−0.12 to 0.06)                                             4.02 (−1.48 to 9.51)                                           −4.51 (−29.09 to 20.08)
  Model 3                                 −0.03 (−0.12 to 0.07)                                             3.85 (−1.65 to 9.34)                                           −5.51 (−30.21 to 19.19)
  Model 4                                 −0.03 (−0.12 to 0.07)                                             3.55 (−1.83 to 8.93)                                           −7.02 (−30.97 to 16.93)
  LAI                                                                                                                                                                      
  Model 1                                 −0.08 (−0.13 to −0.02)[a](#jah34935-note-0005){ref-type="fn"}     3.45 (0.34 to 6.56)[a](#jah34935-note-0005){ref-type="fn"}     −24.59 (−37.92 to 11.26)
  Model 2                                 −0.02 (−0.09 to 0.05)                                             4.84 (0.85 to 8.83)[a](#jah34935-note-0005){ref-type="fn"}     −22.64 (−39.95 to −5.33)[a](#jah34935-note-0005){ref-type="fn"}
  Model 3                                 −0.04 (−0.12 to 0.04)                                             4.79 (0.33 to 9.25)[a](#jah34935-note-0005){ref-type="fn"}     −21.13 (−40.77 to −1.48)[a](#jah34935-note-0005){ref-type="fn"}
  Model 4                                 −0.04 (−0.12 to 0.04)                                             4.49 (0.17 to 8.87)[a](#jah34935-note-0005){ref-type="fn"}     −22.81 (−41.64 to −3.97)[a](#jah34935-note-0005){ref-type="fn"}
  LVEF                                                                                                                                                                     
  Model 1                                 −0.003 (−0.01 to −0.001)[a](#jah34935-note-0005){ref-type="fn"}   0.11 (−0.03 to 0.26)                                           −0.80 (−1.45 to −0.15)[a](#jah34935-note-0005){ref-type="fn"}
  Model 2                                 −0.001 (−0.004 to 0.002)                                          0.12 (−0.05 to 0.29)                                           −0.56 (−1.30 to 0.17)
  Model 3                                 −0.001 (−0.004 to 0.002)                                          0.11 (−0.06 to 0.28)                                           −0.51 (−1.25 to 0.24)
  Model 4                                 −0.001 (−0.004 to 0.002)                                          0.12 (−0.05 to 0.28)                                           −0.46 (−1.18 to 0.27)

Model 1 unadjusted model. Model 2 adjusted for sex and age. Model 3 adjusted for sex, age, MAP and BMI. Model 4 adjusted for sex, age, MAP, BMI and combination of co‐morbidity. AOI indicates aortic diameter index; BA‐a, branching angle‐arteriole; CT‐a, curvature tortuosity‐arteriole; DF‐a, fractal dimension‐arteriole; IVSD, interventricular septum thickness at end diastole; IVSS, interventricular septum thickness at end systole; LAI, left atrium index; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; LVIDDI, left ventricular internal diameter at end diastole index; LVIDSI, left ventricular internal diameter at end systole index; LVMI, left ventricular mass index; LVOTI, left ventricular outflow tract index; LVPWDI, left ventricular posterior wall at end diastole index; and LVPWSI, left ventricular posterior wall at end systole index.

Beta and 95% CI are presented in the table, and values with statistical significance (*P*\<0.05) are highlighted.

Table [S2](#jah34935-sup-0001){ref-type="supplementary-material"} shows that each unit increase in LVOTI was associated with narrowing central retinal arteriolar equivalent after adjusted the potential confounders (−41.67 μm, −82.19 to −1.13). No significant associations between other cardiac structure indices, LVEF, and retinal vascular calibers were observed.

Discussion {#jah34935-sec-0017}
==========

In this study, we observed significant associations between subclinical changes in cardiac structure and suboptimal retinal arteriolar geometry among elderly subjects without prior history of CVD. Our findings suggest that a series of adverse changes in cardiac structure indices (ie, enlarged LVIDDI, LVIDSI, LVMI, and LAVI and smaller LVOTI) were associated with retinal arteriolar geometric abnormalities (ie, larger branching angle, higher fractal dimension, and lower curvature tortuosity), but not with retinal vascular caliber. Our findings suggest that subclinical alterations in cardiac structure were linked to suboptimal retinal arteriolar geometry instead of retinal arteriolar narrowing, supporting the hypothesis that arteriolar changes in geometry might be more informative about left atrial and ventricular remodeling, compared with retinal arteriolar narrowing.

The retina is a site where microcirculation can be imaged directly, providing a unique opportunity to study *in vivo* the morphology of human microcirculation.[1](#jah34935-bib-0001){ref-type="ref"} Microvascular disease has been hypothesized to influence HF as well as subclinical cardiac remodeling.[9](#jah34935-bib-0009){ref-type="ref"} Changes in retinal vascular calibers, which manifest as narrower retinal arteriolar caliber, have also been linked with suboptimal cardiac structure and even HF.[5](#jah34935-bib-0005){ref-type="ref"}, [6](#jah34935-bib-0006){ref-type="ref"}, [7](#jah34935-bib-0007){ref-type="ref"}, [8](#jah34935-bib-0008){ref-type="ref"} However, these studies largely have been confined to retinal vascular caliber. Retinal vascular geometry (ie, branching angle, fractal dimension, and curvature tortuosity), which better reflects the complexity of retinal vasculature and provides more insight into optimal microcirculation,[11](#jah34935-bib-0011){ref-type="ref"}, [12](#jah34935-bib-0012){ref-type="ref"}, [13](#jah34935-bib-0013){ref-type="ref"} has not yet been explored in its relationship to cardiac remodeling.

Cardiac remodeling can be described as a physiologic and pathologic condition that may occur after myocardial infarction, pressure overload (ie, aortic stenosis, hypertension), inflammatory heart muscle disease (ie, myocarditis), idiopathic dilated cardiomyopathy, or volume overload (ie, valvular regurgitation).[24](#jah34935-bib-0024){ref-type="ref"} LV remodeling is the rapidest occurrence and progression in cardiac remodeling.[25](#jah34935-bib-0025){ref-type="ref"} Hence, we first explore the relationship of LV structure over other cardiac structural parameters with retinal vascular geometry among patients without CVD. Our data suggest that LV structure indices (ie, increments in LVMI, LVIDDI, and LVIDSI and decrement in LVOTI) were significantly associated with a series of suboptimal retinal arteriolar geometric morphology, namely, larger retinal arteriolar branching angle, lower retinal arteriolar curvature tortuosity, and higher retinal arteriolar fractal dimension. It could be because the left ventricle is pumping the blood to the arterial system directly, so that arterioles are more sensitive to the LV alterations. However, further studies with larger samples are needed to validate these observations.

LA remodeling caused by high filling pressures represents a crucial point of transition from asymptomatic to symptomatic HF.[26](#jah34935-bib-0026){ref-type="ref"} Importantly, LA enlargement and elevated LA pressures are commonly associated with HF with preserved ejection fraction.[27](#jah34935-bib-0027){ref-type="ref"} We observed that higher LAVI, commonly used to describe LA enlargement, was significantly associated with larger retinal arteriolar branching angle and higher retinal arteriolar fractal dimension.

It is suggested that a larger retinal branching angle reflects greater workload and energy spent in maintaining efficient blood circulation, and reportedly linked to disrupted blood flow, and endothelial damage.[14](#jah34935-bib-0014){ref-type="ref"} As for arteriolar tortuosity, prior evidence has showed that lower arteriolar tortuosity was related to coronary artery disease, indicating endothelial dysfunction and impairment of perfusion or oxygenation at the level of microcirculation.[4](#jah34935-bib-0004){ref-type="ref"} In turn, higher retinal arteriolar fractal dimension may be reflective of the microvascular remodeling before any characteristic vasculopathy manifests.[15](#jah34935-bib-0015){ref-type="ref"} Hypothetically, alterations in LV and LA structure might be driven by similar mechanisms such as microvascular dysfunction.[9](#jah34935-bib-0009){ref-type="ref"} Interestingly, we found little evidence on associations between cardiac structure and retinal venular measures, which indicated that changes in retinal arterioles are more sensitive to subclinical alterations in LV and LA structure than venules. Such findings are similar to the findings of large arterial function and structure, and hypertension, in which changes in arterioles are also prominent.[28](#jah34935-bib-0028){ref-type="ref"}, [29](#jah34935-bib-0029){ref-type="ref"} One possible explanation might be that adverse changes of venules may have an adaptive response, and this adaption would break down when cardiometabolic disease becomes overt, leading to suboptimal changes in venules.[30](#jah34935-bib-0030){ref-type="ref"} Further studies are clearly required to verify our hypothesis and elucidate the underlying mechanism.

Our study reports novel associations between cardiac structure and retinal vascular geometry. In spite of this, we acknowledge the limitations of our study. First, our sample size limited the statistical power detect all possible associations. Thus, further studies with larger samples are warranted to confirm our findings. Second, we did not correct our findings for multiple testing due to sample size limitation. Nevertheless, the pattern of associations we observed in a set of similar outcomes (ie, significant associations for retinal arteriolar geometric morphology) was consistent. Third, even though we corrected for multiple covariates, residual confounding by other unmeasured confounders including alcohol consumption, socioeconomic status, and endothelial dysfunction biomarkers is still possible. Fourth, some cardiac measurements (ie, strains, strain rate) that have been shown to be predictive of CVD were not investigated in this study.[31](#jah34935-bib-0031){ref-type="ref"}, [32](#jah34935-bib-0032){ref-type="ref"} Fifth, the study was performed in a sample of elderly Chinese subjects, and thus the findings may not be applicable to individuals of other ethnic groups or ages. Sixth, the cross‐sectional nature of our study design precludes any inferences regarding the temporal nature of the observed associations. Future longitudinal follow‐up of these participants may provide greater insights into the relationship between cardiac structure and retinal vascular geometry.

In conclusion, our results suggest that subclinical alterations in cardiac structure were linked with suboptimal retinal arteriolar geometry, supporting the hypothesis that arteriolar changes might underlie the pathophysiological mechanism of cardiac remodeling on the left atrium and ventricle. However, because of the small sample size and scarcity of reports on this topic, further longitudinal studies with larger samples with various cardiac parameters (ie, strains, strains rate) are needed to verify the relationships between cardiac remodeling and abnormal microvascular morphology.
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